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Abstract

Metastatic cancers account for more than 90% of cancer mortality. The metastasis of all cancers is
critically mediated by enzymes that degrade extracellular matrix. Aggressive tumors are
characterized by an imbalance between enzymes that degrade ECM and endogenous inhibitors of
the enzymes. Matrix metalloproteinases (MMPs) make up the majority of ECM degrading
enzymes implicated in cancer metastasis. The potent MMP inhibitory activities of tetracyclines,
especially their chemically modified analogs, combined with their relatively well tolerated
pharmacological profile, led several researchers to investigate their anticancer potential in a
variety of cancers, including melanoma, lung, breast and prostate cancers. Chemically modified
non-antibiotic tetracyclines (CMT, or COL) were tested using tumors of prostate, breast and
melanomas. Some of these CMTs, notably, CMT-3 and CMT-308 significantly inhibited not only
invasive potential and MMP activity, but also inhibited cell proliferation by inducing cell cycle
arrest and apoptosis. CMT-3 and CMT-308 were significantly more potent than doxycycline or
minocycline in inhibiting tumor cell-derived MMPs and inducing apoptosis in vitro and in vivo.
CMT-3 (Col-3) showed potent inhibition of tumor growth in xenografts and in bone metastatic
models of prostate cancer. Similar results were also reported in melanoma and breast cancer
models. The mechanism by which CMTs kill tumor cells is via generation of hydroxyl free
radicals ([OH]™) which permeate and depolarize mitochondria, which in turn activates caspase
mediated apoptosis. Analysis of tumor tissues from CMT-3 treated rats demonstrated reduction in
angiogenesis and increase in apoptosis; both emerged as mechanisms of CMT action. These
observations led to testing the efficacy of CMT-3 in human clinical trials against several types of
cancer with significant outcomes, which are described in the next chapter of this issue.
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1. Introduction

Recent estimates suggest that more than half a million patients in the United States of
America will die of cancer in 2010 [1]. Despite all available treatments, cancer is the second
most common cause of deaths in most countries. More than 90% of cancer deaths are due to
metastasis of initially treated cancers. Invasion of healthy tissue and growth in that location,
often distant from the initial site of the tumor is considered the most challenging aspect of
treatment. Although we know a great deal about the mechanisms of invasion, many
processes remain impervious to treatment. However, seminal discoveries in the last two
decades on the molecular aspects of spread of the solid tumors, such as prostate, breast and
lung cancers, have shown that matrix metalloproteinases (MMPs) play central roles in both
the initial process of invasion and extravasations and in the metastatic growth of tumors, and
also serve as activators of growth factors and of chemoattractant proteins [2-4]. While in
normal tissue remodeling MMP activities are critical, such as collagen matrix remodeling in
normal bone turnover, excessive activity has been linked to several disease processes as
described in other chapters in this volume.

2. CMTs efficacy in prostate cancer models

Prostate cancer ranks second in incidence and death of cancer in men. In the United States,
in 2009, an estimated 192, 280 men were diagnosed with prostate cancer and an estimated
27,360 died of this disease [1]. Although, over 70% of the patients are cured of this disease
(> five-years of disease-free survival) upon primary therapy such as surgery or radiation, it
does progress in more than 30% of the patients. The first sign of prostate cancer metastasis
following radical prostate surgery, localized radiation (branchy therapy), or focused
radiation, is resurgence of the prostate cancer marker, prostate specific antigen (PSA) in the
circulation [5]. This initial increase in serum PSA is termed biochemical recurrence
(clinically defined as an increase in serum PSA during two consecutive 6-month follow up
visits [5-7]). The biochemical recurrence is >34% within five years after initial diagnosis
and 46% after 10 years; thus prostate cancers progress slowly. Regardless of the low rate of
recurrence, prostate cancer causes substantial morbidity and pain in patients who have failed
treatment for recurrent disease, including hormonal therapy (total depletion of androgen by
chemical means), local radiation or both [8]. The main source of pain, debilitation and
ultimate death is metastasis of the disease to bone (lumbar, vertebral and even metastasis to
skull) [9,10].

Our group [11] and Stearns et al [12] reported in 1993 that prostate tumor tissues and
primary cultures of prostate cancer specimens as well as the established cell lines, produce
increased quantities of MMPs, especially gelatinase A (MMP-2) and gelatinase B (MMP-9),
with decreased levels of the tissue inhibitors of metalloproteinase (TIMP-1 and TIMP-2)
[12,13]. We used the classical MMP activity assay based on degradation of gelatin prepared
from denatured, 3H- labeled rat tail collagen with zymography and reverse-zymography.
These observations have been confirmed and extended in both animal models and human
tissue samples [14,15]. Our interest in the use of CMTs as anticancer agents resulted from
these findings, which were stimulated by the discovery of the anticollagenase activity of
CMTs and their application in treating periodontal diseases [16—18]. We proposed that
tetracycline could be an ideal drug for use against metastasis of tumors to bone and other
connective tissues, where the tumor cells establish a colony by extravasation from
circulation, adhesion and eventually creation of angiogenic network to obtain nutrient
supply [19]. An additional advantage of tetracyclines was their well-known affinity to bind
to bone which would potentially provide a depot of the drug against invading or
proliferating tumor cells [20].
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2.1. Effect of CMTs on bone metastasis

Metastasis to bone is found in >95% autopsies of prostate cancer victims, indicating
metastasis as the main cause of death [21]. Although prostate cancer metastasis to bone is
very frequent, animal models of this cancer that spontaneously develop bone metastasis are
few. Even highly aggressive transgenic prostate cancer models, such as Transgenic
Adenocarcinoma of the prostate (TRAMP) and PTEN-conditional prostate knockout
(prostate-PTEN KO) models, seldom form extensive bone metastasis spontaneously,
although micro metastases are common [22,23]. However, several xenograft models using
forced injection of tumor cells into femoral, tibial or tarsal bones have been used to test anti-
bone metastasis drugs [24-26].

Accordingly, we used a classical approach to test the effect of CMTs and doxycycline for
their potential inhibitory activity against bone metastasis. We observed extensive bone
metastasis in a rat model of prostate cancer, the Dunning MAT Ly Lu, after intravenous
injection of tumor cells while clamping the vena cava [27,28] in the male Copenhagen
strain. This resulted in forced invasion of tumor cells into the lumbar vertebral venous
plexus (Batson’s plexus) and extensive vertebral metastasis [29,30]. In addition, the
Dunning MAT LyLu tumors also spread to lungs and form extensive lung metastasis [31].

The efficacy of CMT-3 was tested in this bone metastasis model by daily oral gavage of the
drug (40 mg/kg) suspended in 2% carboxymethyl cellulose (vehicle), beginning 7 days
before tumor cell injection (-7d). The end points of the study were the time needed to
develop paraplegia due to lower vertebral metastasis and development of morbidity due to
lung metastasis. Most animals developed acute pulmonary distress with or without
paraplegia starting 12 days after injection of tumor cells. However, in the CMT-3 treated
groups, we observed a significant delay in the development of pulmonary distress and
paraplegia. Overall survival, beyond the time when all rats in the vehicle-only treated group
died, was 10% to 30%, and depended on the timing of CMT-3 dosing; animals dosed
beginning 2 days after tumor implant had only modest improvement in survival (10%)
whereas animals predosed 7 days prior to tumor cell injection survived 30% longer (median
survival 18 days, versus 13 days in vehicle only treated group). Interestingly, in this
experiment, while 83% of the rats in the vehicle only group developed paraplegia at the time
of euthanasia, only 17% developed paraplegia in the 7-day pretreatment group and 33% in
post-tumor implant treatment group. Although, the rats gavaged with the vehicle developed
extensive pulmonary metastasis, CMT-3 treatment groups had fewer lung metastases [27].
The inhibition of paraplegia by CMT-3 was >85%. One out of 7 rats developed paraplegia in
the group dosed with CMT-3 starting 7 days before tumor cell injection. Similar increase in
survival (percent of animals that are moribund) 12, 15 or 22 days after tumor cell injection
was also observed in the CMT-3 gavaged animals versus vehicle (2% carboxy-methyl
cellulose in sterile water) treated group. Furthermore, the incidence of lung tumors were also
significantly reduced by > 70% in this group, indicating that CMT-3 is effective in
inhibiting bone metastasis in a rapidly metastasizing tumor model.

2.2. CMT-3 inhibits tumor-stroma interaction and inhibits tumor cell-induced stromal
secretion of MMPs

Inhibition of bone metastasis and the reduction in the frequency of paraplegia in rats treated
with CMT-3 was further examined by measuring the levels of biochemical markers of
collagen degradation including the collagen cross link fragments, pyridinoline (PD) and
deoxypyridinoline (DPD), in serum and urine. CMT-3 treatment produced a significant
reduction in the level of PD (p<0.03) in urine samples collected at the time of euthanasia
(Gr. 1V, Fig 1). The levels were elevated in the group of rats injected with tumor cells but
only given the vehicle. There was an initial increase in the levels of DP in all groups, an
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increase of 54% = 8.0 % when compared to naive animals. This level was reduced in the
second and third weeks of treatment in CMT-3 treated group but not in those treated with
vehicle alone. These results suggested that oral administration of the drug reduces bone
matrix breakdown despite the tumors growing in the bone stroma.

This observation prompted us to determine whether the tumor cells induced the surrounding
stromal cells to secrete collagenases. In fact, the MAT Ly Lu cells did induce the secretion
of MMP-2 in endothelial cells as well as in bone marrow derived stromal cells [28]. This
induction of MMP-2, which was increased by >200% over the basal levels, was effectively
abolished by addition of CMT-3 (5uM) to the stromal cultures. These results demonstrated
that CMT-3 can effectively inhibit bone metastasis in a highly metastatic model of prostate
cancer (Dunning MAT LyLu).

2.3. CMTs inhibit tumor growth in vivo and cell proliferation, and also induce apoptotic cell
death in tumor cells

In an effort to understand the broader role of CMTs as antitumor agents, we used the
traditional antitumor activity assay in xenograft (subcutaneous tumor cell injection) models
of prostate cancer. The antitumor activity of CMT-3 and doxycycline was tested in mice
bearing subcutaneous xenografts of PC-3 tumors, a human castration-resistant prostate
tumor model, and against the rat MAT LyLu tumors. Four treatment groups were used. In
the first group the animals were orally gavaged with vehicle (2% CMC) while the second
and third groups were pre-dosed with CMT-3 or doxycycline (DC), 40 mg/kg, respectively.
The fourth and fifth groups were dosed, starting from the day of tumor cell injection. All
dosing was stopped 28 days after tumor cell injection in rats or day 42 in mice, or the
animals were euthanized due to morbidity. Tumor cells were implanted into lower flanks of
male Copenhagen rats at 2 x10° MAT Ly Lu tumor cells/site and 1 x10 8 PC-3 cells/site in
athymic nude mice.

We reported the results of these experiments in detail elsewhere [32,34]. In brief, reductions
in tumor incidence, growth rate and spontaneous metastases to lungs (MAT Ly Lu model
only) were observed following CMT-3 therapy in both models. Specifically, predosing the
rats was most effective; 50% (4/8) of the rats exhibited no tumor incidence in the treated
animals. Although both DC and CMT-3 were effective in reducing tumor growth, the tumor
burden was significantly lower in rats orally gavaged with CMT-3 compared to the vehicle-
only control group.

CMT-3 was also more effective than DC in inhibiting tumor growth in PC-3 tumors.
Although there was a significant reduction in tumor incidence (35%, 3/7) in the CMT-3
treated group, this effect was not seen in DC treated rats. Moreover, there was a significant
decrease in tumor incidence in the group that received CMT-3 pre-dosing, while there was
no reduction in tumor incidence in the group pre-dosed with DC. When dosing was initiated
after the tumor cells were injected neither CMT-3 or DC was effective in reducing tumor
incidence. Tumor growth rate was also significantly decreased; 27% and 54% decreases
were observed in tumor volumes following 42-days of oral gavage of DC or CMT-3,
respectively. Since PC-3 tumor cells rarely form metastasis to lungs in athymic mice,
following subcutaneous injections, we did not find consistent tumor foci in lungs or liver in
either vehicle-only or drug gavaged mice.

Reduction in tumor growth prompted us to investigate the antiproliferative activities of
CMT-3. We have performed extensive biochemical and cellular characterization of the
mechanism of action of CMT-3 and DC in human prostate tumor cells. The results of these
experiments are reported elsewhere [35,36]. The following is a brief summary of our
observations.
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2.4. Mechanism of antitumor activities of CMTs and DC: CMTs inhibit cell proliferation and
inhibit cell cycle progression

We tested the anti-proliferative and cytotoxic activities of CMTs (CMT-1 through CMT-8)
and the nitro-derivatives of CMT-3 on several prostate cancer cell lines and in normal
fibroblasts [36]. Among all the CMTs and Nitro-CMT3 analogs tested, CMT-3 was the most
potent and specific inhibitor of cell proliferation in proliferating tumor cells and in
fibroblasts, with 50% growth inhibition (Glsg) at concentrations between 2.3 t0 9.3 uM,
depending on the proliferation activity of the cells. Slow growing cells such as primary
prostate epithelial cells had higher Glsg. This Glgg dose was nearly two to 5-fold lower than
that of DC indicating that CMT-3 is a more potent inhibitor of cell proliferation than DC.
Cell proliferation inhibition was also supported by experiments which measure the potential
inhibition of cell cycle-progression. Cultures treated with CMT-3 showed increased
accumulation in G1-S phase transition, suggesting that CMT-3 inhibits mitogenic signaling.
We are unaware of any other publication that demonstrate the molecular mechanism of cell
proliferation or cell cycle blockage by CMTs or other tetracycline compounds in
mammalian cells.

2.4.2. CMTs induce apoptosis in tumor cells—We and others have reported the
proapoptotic function of CMTs, especially CMT-3 and CMT-308 (9-amino-CMT-3), in a
variety of human tumor cells. CMT-3 and to a significantly lesser extent, DC, are cytotoxic
to tumor cells. At a given dose, above Glsg (e.g, 210 uM), the apoptotic cell death induced
by CMT-3 was 5-10-fold higher than that of DC, indicating that CMT-3 is essentially a
cytotoxic chemotherapeutic drug. The main thrust of most investigations addressing the
effect of CMTs on cancer cells has focused on their potential antimetastatic activities.
However, our studies on prostate cancer models and work by others on breast cancers,
suggested that CMT-3 and CMT-308 are selectively cytotoxic to rapidly proliferating tumor
cells. This led to us investigate the mechanism of their cytotoxicity. We determined whether
tumor cells exposed to micromolar concentrations of CMTs inhibit cell proliferation by
affecting cell cycle arrest, inducing programmed cell death (apoptosis).

We investigated the mechanism of CMT-3 induced apoptosis in prostate cancer. We found
that both DC and CMT-3 were able to induce apoptosis in several prostate cancer cell lines
although CMT-3 was more potent (fifty percent inhibition dose at 10 uM) than DC (IC5q =
20 uM). The process of induction of apoptosis involved a mitochondria-mediated intrinsic
mechanism that resulted in activation of caspae-3 and caspase-9. Enhanced permeability of
mitochondrial membranes preceded cell death as indicated by the release of free-
nucleosomes. Furthermore, increased membrane permeability was mediated by rapid
accumulation of peroxy/hydroxyl free radicals[32]. Onoda et al [37], using a human colon
cancer cell line HT29, reported that CMT-3 (COL-3) causes both caspase-dependent and
independent apoptotic cell death in colon cancer cells. Their report indicates that CMT-3
(COL-3) is twice as potent as DC in inducing apoptosis. COL-3 produced increased
cytosolic cytochrome-C and loss of mitochondrial membrane potential in as little as 3h of
exposure, compared to 24 h of exposure to DC. Furthermore, COL-3 and DC-induced
apoptosis involved endonuclease G release and probably causes caspase-independent
induction of apoptosis, as pretreatment with the pan-caspase inhibitor Z-VAD-FMK only
partially reversed DC (36 %) and COL-3 mediated apoptosis (81%).

COL-3 inhibited invasion is likely due to inhibition of MMP-2 and -9 activity and their
synthesis: Several studies have shown anti-MMP activities of COL-3 and DC in various
non-transformed cells. However, we were the first to demonstrate that COL-3 and DC are
strong inhibitors of gelatinase in tumor cells (earlier studies by the Zucker group showed
that minocycline was also a potent inhibitor of tumor cell gelatinases). To demonstrate the
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anti-gelatinolytic activity of DC and COL-3, we performed the gelatinolytic activity assay at
low Ca?* concentration (ImM) as well as the more traditional 10 mM Ca2* concentration.
As reported before [32], both compounds were 10-fold more potent at low concentrations of
Calcium, a physiologically relevant calcium level (e.g., serum Ca level, 0.94 mM). At this
Ca?* concentration, the 1Csq was 0.4 uM for COL-3 and 1 uM for DC compared to 1 pM
and 10 pM, respectively, at 10 mM Ca?*. Thus, we propose that, because of the high
potency of COL-3 at physiological concentrations of Calcium, the inhibition of lung and
bone metastasis in the MAT LyLU model is likely due to potent inhibition of MMPs by this
compound. The contribution of apoptotic and anti-proliferative activities of COL-3 may also
contribute to significant inhibition of metastatic tumor colonies in lungs.

Several studies have shown that both DC and COL-3 can inhibit tumor cell invasion in vitro
using the Matrigel coated Boyden chamber invasion assays [37-41]. This may be due to
multiple mechanisms, including inhibition of cell motility, chemotactic motility and inability
to degrade reconstituted basement membrane (Matrigel, BD BioSystems). However, it was
also shown that COL-3 is capable of inhibiting chemotactic motility induced by laminin-5-
gamma 2 chain fragments that act as chemotactic peptides in melanocytes [46]. In addition,
we have shown that COL-3 is able to inhibit the synthesis of MMP-2 and MMP-9 at
physiologically achievable concentrations [32]. Thus, COL-3 is a potent anti-metastatic and
cytotoxic antitumor compound, capable of delivering a one-two punch against aggressive
tumors, including melanoma, prostate and breast cancers.

These studies reflect a growing interest in the development of safe, bioavailable inhibitors of
gelatinases that play multiple roles in tumor growth, angiogenesis and metastasis. Some of
the non-antimicrobial, chemically modified tetracyclines (notably the CMT-3 compounds)
have been found to be capable of inhibiting these cancer cell functions in several pre-clinical
tumor models. These studies, directly or indirectly, have led to preliminary clinical trials in
patients with advanced cancers, including breast, prostate and lung cancers and also in
osteosarcomas and viral induced sarcomas (e.g. Kaposi sarcoma). These studies are
described in the next article.
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L: EGFP-metastatic cells in
vertebra; R: Tumor cells in
femur; I: Tumor cells in marrow.

Fig 1. CMT-3 Inhibition of experimental prostate cancer metastasizing to bone and lung in the
Dunning MAT-LyLu model

The MAT Ly Lu tumor cells were injected i.v following vena cava clamping with a mini
surgical bulldog clamp. As described in the text, animals were orally dosed with CMT-3 or
vehicle -7 days (Group 1),+ 1 day (Group 2), or +3 days (Group 3) and vehicle-only (Group
4) [Panel B]. In an independent experiment, MAT LyLU cells transfected with EGFP were
injected as shown in Fig. 1A and were detected as dispersed in femoral bones (Fig. 1C and
D). Cells isolated from marrow plugs were cultured to confirm tumor cells (data not shown).
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Mechanism of CMT-3 (COL-3)
Action on CaP Cells
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Fig. 2. A suggested model for CMT-3 induced tumor cell cytotoxicity
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CMT-3 induced cytotoxicity is due to both cell cycle arrest at G1/S interphase and free-
radical induced-mitochondrial permeability changes and caspase activation. Both, cytosolic

and ER mediated caspase activation.
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